Chromosomal rearrangements resulting in gene fusions are frequently involved in carcinogenesis. Here, we describe a semiautomatic procedure for identifying fusion gene transcripts by using publicly available mRNA and EST databases. With this procedure, we have identified 96 transcript sequences that are derived from 60 known fusion genes. Also, 47 or more additional sequences appear to be derived from 20 or more previously unknown putative fusion genes. We have experimentally verified the presence of a previously unknown IRA1͞RGS17 fusion in the breast cancer cell line MCF7. The fusion gene encodes the full-length RGS17 protein, a regulator of G protein-coupled signaling, under the control of the IRA1 gene promoter. This study demonstrates that databases of ESTs can be used to discover fusion genes resulting from structural rearrangement of chromosomes.
Chromosomal rearrangements resulting in gene fusions are frequently involved in carcinogenesis. Here, we describe a semiautomatic procedure for identifying fusion gene transcripts by using publicly available mRNA and EST databases. With this procedure, we have identified 96 transcript sequences that are derived from 60 known fusion genes. Also, 47 or more additional sequences appear to be derived from 20 or more previously unknown putative fusion genes. We have experimentally verified the presence of a previously unknown IRA1͞RGS17 fusion in the breast cancer cell line MCF7. The fusion gene encodes the full-length RGS17 protein, a regulator of G protein-coupled signaling, under the control of the IRA1 gene promoter. This study demonstrates that databases of ESTs can be used to discover fusion genes resulting from structural rearrangement of chromosomes. C hromosome aberrations are common characteristics of most human cancer cells (1, 2) . Translocation of part of a gene to a new locus can produce altered gene expression that perturbs normal regulatory pathways and can initiate or stimulate neoplastic cell growth and cancer progression. A well known example is the translocation of the v-abl Abelson murine leukemia viral oncogene homolog 1 (ABL1) protooncogene from chromosome 9 to the breakpoint cluster region (BCR) gene locus on chromosome 22 . The translocation generates the BCR͞ABL1 fusion protein, which is responsible for Ϸ90% of the cases of chronic myelogenous leukemia (3) . The Mitelman Database of Chromosome Aberrations in Cancer lists Ͼ45,000 cases of chromosomal aberrations (1) . Many were uncovered by cytogenetic banding experiments. It is difficult to tell from these experiments whether the translocation creates a fusion of two genes and, if it does, to find the fusion gene. However, if a fusion gene is expressed, part or the entire transcript should be present as an entry in the mRNA and͞or EST databases. Such transcripts can be identified because they are made up of portions of transcripts from two genes and map to two different locations in the human genome sequence.
These chimeric transcripts can be distinguished from artificial chimeras, which are created by accidental ligation of different cDNAs during the cloning procedure, by examining the sequence at the fusion point. The fusion point in the chimeras from true fusion genes will usually coincide with a canonical exon boundary because the genes are likely to break in an intron because introns are generally much longer than exons. In contrast, the fusion point for an artificial chimera will usually be within an exon of each gene because the fusion occurs between two cDNAs. To test this hypothesis, we have developed a semiautomated procedure for a massive identification of human fusion transcripts by using publicly available sequence databases. A procedure that uses this principle to identify heterologous, spliced mRNAs has been reported (4). Here, we report a comprehensive identification of both mRNAs and ESTs fusion genes and the experimental detection of the predicted nuclear receptor corepressor͞HDAC3 complex͞regulator of G protein signaling (IRA1͞RGS17) fusion gene in MCF7 breast cancer cells.
Materials and Methods
Data Sets. We used the publicly available mRNA-and EST-togenome alignment data (''allmrna,'' 141,300 alignments from 128,007 mRNAs, and ''allest,'' 4,957,003 alignments from 4,642,477 ESTs) from the University of California, Santa Cruz Human Genome Browser database (http:͞͞genome.ucsc.edu; October 27, 2003, release, Version hg16). These alignments were produced by BLAT by using mRNA and EST databases that were filtered to remove vector sequences and the human genome assembly National Center for Biotechnology Information Build 34, July 2003 freeze.
Initial Identification of Chimeric Sequences. Chimeras were collected from the databases described above by selecting the sequences that contained two parts, that were each at least 100 bp long, and that aligned to different chromosomes or, if to the same chromosome, in opposite orientations. This latter condition was imposed in order not to select sequences that are produced by transcription over a long sequence that spans two or more normally independent genes (5). To accommodate small errors in alignment that occur at the edges of the alignment blocks, we allowed gaps or overlaps of up to 10 bp between the two parts of the transcript sequence. This procedure identified 1,061 chimeric mRNAs and 9,855 chimeric ESTs. The fusion point was noted for each sequence.
Selection of Possible Fusion Genes. To determine whether the fusion point corresponded to a pair of known splice sites, we first collected a list of canonical exon-intron boundary sites that occur in ''allmrna'' and ''allest'' tables from the University of California, Santa Cruz Human Genome Browser database. Only the positions of the canonically spliced introns that obey the GT͞AG rule were considered. The splice donor and acceptor sites, supported by at least one mRNA or two ESTs, were recorded and used as the known splice sites. We then selected from the chimeric mRNAs and ESTs only those whose fusion point was located within 5 bp of a known splice site. This procedure reduced the list to 132 mRNA and 255 EST sequences. It will miss some fusion transcripts if the sequence database does not contain sequences from both of the two individual (nonfused) genes, but it ensures that the fusion point is located at or near a known splice site of two active, individual genes. Next, we prepared an artificially fused genomic DNA sequence for each fusion transcript candidate by joining two genomic sequences, one from the aligned region of each gene. Each fusion transcript candidate was then aligned to the corre- sponding artificially fused genomic sequence by using the SIM4 program (6) and the alignment around the fusion point was manually inspected. Only those that aligned precisely, without a gap or overlap, were retained. Finally, the transcripts that included human repetitive sequences were removed by using the REPEATMASKER program (http:͞͞ftp.genome.washington.edu͞ RM͞RepeatMasker.html).
Expression of the Fusion Genes Breast Carcinoma Amplified Sequence
(BCAS) BCAS4͞BCAS3 and IRA1͞RGS17 by RT-PCR Analysis. Messenger RNA from the breast cancer cell line MCF7 was made by using the MicroFastTrack kit (Invitrogen). cDNA was prepared by reverse transcription by using Moloney murine leukemia virus reverse transcriptase enzyme (Invitrogen) with random hexamer priming. The PCR was performed by using the following thermocycling protocol: initial denaturation at 94°C for 1 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and elongation at 72°C for 2 min. The PCR primer pairs used were T530 (GGGAATTTCCTT-GTGCCTCCA) and T531 (TGCTGGGGCCTTCATCATCT) for IRA1͞RGS17 fusion, T532 (GAGCTCGCGCTCTTCCT-GAC) and T533 (AGGGGCTGGCTCTCATTGGT) for BCAS4͞BCAS3 fusion, and Actin-For (GCATGGGTCA-GAAGGAT) and Actin-Rev (CCAATGGTGATGACCTG) for ␤-actin (ACTB). The PCRs were analyzed on 1.5% agarose gels.
Fluorescence In Situ Hybridization (FISH) Analysis. Metaphase slides of MCF7 were prepared as described (7). BAC clones (IRA1, clone ID RP11-126F9, and RGS17, clone ID RP11-119G6) were obtained from Invitrogen and verified by PCR. BAC DNA was resuspended in water and labeled by nick translation according to standard procedures (8) . IRA1 and RGS17 were nicktranslated by using digoxigenin-11-dUTP and biotin-16-dUTP (Roche Applied Science), respectively. Each product was precipitated in the presence of 50 l of Cot-1 DNA (Invitrogen) and 1 l of salmon sperm DNA (Sigma). The precipitate was resuspended in 5 l of deionized Formamide (Fluka) and 5 l of Master Mix (20% dextran sulfate and 2ϫ SSC). The 10-l probe mixture (5 l of IRA1 and 5 l of RGS17) was denatured at 80°C for 10 min, applied to the slide, and incubated overnight at 37°C.
After hybridization, biotin-16-dUTP (RGS17) was detected with Avidin-FITC (Vector Laboratories) and digoxigenin-11-dUTP (IRA1) with mouse anti-digoxin antibodies (Sigma) followed by rabbit anti-mouse tetramethylrhodamine B isothiocyanate (Sigma). Slides were counterstained with 4,6-diaminidino-2-phenylindole (Sigma) and mounted with antifade solution (Vector Laboratories).
Image acquisition was done by using a DMRXA fluorescent microscope (Leica, Deerfield, IL) equipped with three aligned optical filters for 4,6-diaminidino-2-phenylindole, FITC, and tetramethylrhodamine B isothiocyanate (Chroma Technology, Brattleboro, VT) and a Sensys charge-coupled device camera (Photometrics, Tucson, AZ). Image analysis was performed with Q-FISH software (Leica Microsystems Imaging Solutions, Cambridge, U.K.).
Results

Identification of Putative Fusion Transcripts.
We have developed a semiautomatic procedure to identify transcripts from possible fusion genes (Fig. 1) . It involves identifying chimeric transcripts automatically using the principle outlined in the introduction, followed by a manual inspection of each candidate for a precise fit between the observed transcript sequence and the expected genomic DNA sequence at the fusion point. This procedure identified 118 mRNAs and 196 ESTs as fusion transcript sequences. These sequences are grouped into a total of 237 fusion cases (the complete list of fusion gene transcripts can be found in Table 3 , which is published as supporting information on the PNAS web site).
Verification of Fusion Gene Detection. We checked GenBank annotation records of 118 mRNA sequences and found that 96 of them were reported as fusion genes, indicating that the method successfully identifies true fusion gene transcripts. These 96 known fusion mRNA sequences were derived from 60 fusion cases. Most of the remaining 22 mRNA sequences were the full insert sequences of randomly selected cDNA clones.
To verify the efficacy of the method, we examined how many of the known BCR͞ABL1 fusion mRNAs deposited in the GenBank database were detected by the new procedure. We could retrieve 22 BCR͞ABL1 fusion mRNAs by a text search of the GenBank mRNA database. Six of these were in our fusion mRNA list. The other 16 fusion mRNAs were missed either because they (13 mRNAs) did not have the 100-nucleotide minimum length on either side of the fusion point or because the expressed sequence did not match the expected genomic sequence precisely at the fusion point (a 3-nt deletion in two and a 55-nt insertion in one). Thus, the algorithm is conservative and will miss some genuine fusion gene transcripts. However, the long matched flanking regions and the manual inspection for exact fit ensure that only very rare accidents will produce false-positive results. The 237 known and putative fusion cases identified in this study involve 417 different genes. The 36 genes that participate in two or more (known or putative) fusion events detected in this study are listed in Table 2 . Thirteen of these are not in either of the databases mentioned above.
Analysis of Putative Fusion
Genes. The procedure identified 177 possible fusion genes that have not been previously reported. We shall refer to these as putative fusion genes, although the connection between the observation of a chimeric transcript in the database and the actual existence of the corresponding fusion gene needs to be established by direct experiments. Most of these putative fusion genes are supported by only one transcript sequence in the databases, but 20 of these are supported by transcripts from two or more clones (Table 1). Among the partner genes involved in these newly identified
RT-PCR Detection of Predicted Fusion Gene Transcripts in MCF7 Cells.
We selected two cases for experimental verification. Both were identified in the NIHMGC107 library prepared from an un- identified breast adenocarcinoma cell line. One is the fusion of the BCAS4 gene and the BCAS3 gene, which is observed in an mRNA and in six independent EST clones from this library (Fig.  2A) . The fusion is known to be present in the MCF7 breast cancer cell line (9) .
In the same library, we also observed the fusion of the IRA1 gene and the RGS17 gene. This fusion was supported by three independent clones (Fig. 2B) . The 5Ј-UTR exon 1 of IRA1 is fused with the start codon-bearing exon 2 of RGS17, generating a fusion gene that encodes the full-length RGS17 protein under the control of IRA1 gene promoter. To test for the existence of the IRA1͞RGS17 fusion in the MCF7 breast cancer cell line, a primer pair was designed that was specific for the fusion transcript. An RT-PCR product of the expected 367 bp in size was successfully detected (Fig. 2C) . The PCR product was excised from the gel, cloned into a vector, and sequenced. The sequence showed 100% identity with the fusion EST sequences and with two parental genes, confirming the existence and expression of the IRA1͞RGS17 fusion gene transcripts in MCF7 cells.
Verification of the IRA1͞RGS17 Fusion in MCF7 Cells by FISH.
A FISH experiment was conducted by using two BAC clones, IRA1 (3q26.32) and RGS17 (6q25.2), to determine the physical relationship of these two genes in the MCF7 cell line. The majority (16 of 22) of metaphase cells analyzed showed distinct IRA1 signals (red) present on both normal chromosomes 3 and distinct RGS17 signals (green) present on both a normal chromosome 6 and a presumed derivative chromosome 6 t(6;22) [by prior spectral karyotyping analysis of the MCF7 cell line (10)]. In addition, fusion of a red and green signal was visualized in 20͞22 metaphase cells on a derivative chromosome, most likely the previously identified t(3;6)(q26;q25)del (3)(p14) (Fig. 3) (10,  11) . This, together with RT-PCR detection of the fusion transcript, clearly demonstrates the presence of the IRA1͞RGS17 fusion gene in MCF7 cells.
Discussion
We have developed a semiautomatic procedure for systematic identification of fusion transcripts based on the hypothesis that a fusion transcript is created by a translocation event that fuses intronic sequences between exons from two heterologous genes on different chromosomal loci. Using this procedure, we have identified 118 mRNAs and 196 ESTs as fusion transcript sequences from publicly available databases. Among the annotated mRNA sequences, 96 were previously known as fusion transcripts. All known BCR͞ABL1 fusion transcript sequences that meet the condition we used were successfully identified by the procedure. The successful rediscovery of experimentally isolated fusion mRNAs strongly confirm the validity of our reasoning and the procedure adopted. Most of newly identified fusion mRNAs were full-insert sequences of randomly selected cDNA clones from FLJ collection (12), DKFZ genes (13), or MGC clones (14) , without prior biological studies on these cases. Although we cannot completely rule out the possibility of creation of a chimeric clone in the process of cDNA library construction, it is unlikely that random breakage and rejoining of two cDNAs would happen at the exact exon boundaries of two genes.
BCAS4͞BCAS3 and IRA1͞RGS17 Fusion in MCF7 Cells. A BCAS4͞ BCAS3 fusion produced by imbalanced chromosome translocation has been described in MCF7 breast cancer cells (9) . Exactly the same fusion event supported by six EST clones was identified as the top candidate by our method, demonstrating the efficacy of the procedure. These ESTs were isolated from a cDNA library prepared from an anonymous breast adenocarcinoma cell line.
The second fusion gene, IRA1͞RGS17, was predicted to occur in the same library and its existence was experimentally confirmed at the mRNA level by RT-PCR and at the genomic level by FISH analysis in MCF7 cells. This is a previously unreported account of a fusion involving the IRA1 gene on chromosome 3q26.32 and the RGS17 gene on 6q25.2. The IRA1 (also known as TBLR1) protein is a subunit for the nuclear receptor corepressor͞HDAC3 complex that exhibits transcriptional repres- sion (15) . RGS17 (also known as RGSZ2) protein is a member of the GTPase-activating proteins that act as regulators of G protein signaling, showing enriched expression in brain (16) . RGS17 protein was reported to induce dispersal of the Golgi apparatus by inactivating the G protein G␣ z (17) . It was also reported to preferentially inhibit G protein-coupled receptor signaling by G proteins G i/o , G z , and G q (18) . Components in the G protein-coupled receptor signaling pathways, including RGS proteins, are known to be involved in many cancers, including prostate cancer (19) , and considered as potential therapeutic targets in cancer therapy (20) .
Putative Fusion Genes in Normal Cells. Of the total 237 fusion cases, 137 are from cancer tissues, including 58 known cases, two are from noncancer diseased tissues, one is from a mixed sample, and five are from undetermined tissue sources. The remaining 92 cases are from unlabeled, presumably normal tissues. The occurrence of what appear to be genuine fusion gene transcripts from normal cells was unexpected. The normal cells include brain, placenta, eye, testis, hematopoietic cells, liver, pancreas, and others. When the two genes involved in a putative fusion are within the same chromosome, multilocus long transcription has been considered as one of the mechanisms for producing chimeric transcripts (4). But we have eliminated this possibility by selecting only inverted cases when the fusion is between two genes in the same chromosome. Another possibility is transsplicing, in which two independently transcribed mRNA molecules are fused together, apparently with the same apparatus used for the normal cis-splicing (21) . Trans-splicing has been reported to occur in higher mammals, including humans (21-23), although it is believed to occur at a very low frequency (21) . Some of the newly detected chimeric sequences, in particular, those that occur only once in the database, could have been generated by this mechanism. However, even among the 20 cases that are supported by two or more clones, five are from normal tissues.
It is possible that at least some of these putative fusion transcripts are from cells that are phenotypically normal but bear a chromosomal aberration. It has been noted that there are many germ-line mutations that are silent, i.e., they do not directly cause cancer (2) . A PubMed search yielded Ͼ100 articles that report phenotypically normal persons who carry a chromosomal translocation. Often, such silent translocations are discovered through the offspring who carry noticeable genetic defects (24, 25) . It is also possible that silent chromosomal translocations happen as somatic mutations during normal development and differentiation processes.
EST Database as Information Source for Fusion Gene Discovery Re-
sulting from Structural Rearrangement of Chromosomes. We demonstrated that ESTs can be used as an information source for identification of fusion genes resulting from possible chromosomal translocations or inversions. Although we have found a large number of putative fusion gene transcripts from the expressed sequence databases, this is certainly not a complete set that exists in the databases used. This lack of complete coverage is partly because we have used a conservative algorithm, which misses some candidates in favor of selecting only those with better evidence. The list will increase in size in the future as the sizes of the mRNA and EST databases increase. Combining computational prediction and experimental verification should result in a large collection of chromosomal aberrations from both cancer and phenotypically normal tissues. Such data will present an opportunity to uncover novel molecular mechanisms of tumor pathogenesis.
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